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/is study investigates the strain-controlled low-cycle fatigue (LCF) behaviour of an untreated and surface-treated MAR-M247
superalloy in a symmetrical push-pull cycle with a constant strain rate at 900°C in laboratory air. A newly developed experimental
thermal and environmental barrier coating (TEBC) system, consisting of a 170 μm thick CoNiCrAlY bond coat (BC) and a bilayer
ceramic top coat (TC), with an interlayer and an upper layer, was deposited using air plasma spray techniques. /e ceramic
interlayer with an average thickness of 77 μm was formed from agglomerated and sintered yttria-stabilized zirconia. An ex-
perimental mixture of mullite (Al6Si2O13) and hexacelsian (BaAl2Si2O8) at a ratio of 70/30 vol.% was sprayed as the upper layer.
/e average thickness of the TC was 244 μm. /e specimen sections were investigated using a TESCAN Lyra3 XMU scanning
electron microscope (SEM) to characterise the microstructure of both the TEBC and the substrate material. /e fatigue damage
mechanisms in the TEBC-coated superalloy were studied./e fatigue life curves in the representation of the total strain amplitude
versus the number of cycles to failure of the TEBC-coated and uncoated superalloy were assessed. TEBCwas found to have a slight,
positive effect on the fatigue life of MAR-M247.
1. Introduction
/e inlet gas temperature in the hot section of high-tem-
perature facilities often exceeds 1500°C (1200°C in contact
with a component’s surface), and the materials that are
currently used, particularly superalloys, almost reach their
temperature limits [1]. Moreover, the surface of the com-
ponents is exposed to challenging environments in the hot
section of gas turbines, and it has to be protected using
different types of coatings [2]. /ermal barrier coatings
(TBCs) protect metallic components from harsh environ-
ments and high temperatures in the hot section of turbine
engines [2–4]. /ey are drafted on a dual layer system that
consists of a metallic (CoNiCrAlY, NiCoCrAlY, and alu-
minium diffusion coatings) bond coat (BC) and a ceramic
top coat (TC), mostly based on partially yttria-stabilized
zirconia (YSZ). To date, YSZ has been widely used in many
high-temperature facilities as the best solution for TC in
TBC systems due to its suitable mechanical and thermal
properties. Nonetheless, the call for high-performance
aeroengines with increased resistance to a harsh environ-
ment has brought new challenges. /e currently used YSZ
coatings are susceptible to damage under service conditions
due to environmental contaminants [5, 6]. /e gathering of
molten calcium-magnesium-aluminium-silicon (CMAS)
oxide deposits on the surface is the main factor limiting the
service life of YSZ, and recently, the process of infiltrating
a molten CMAS deposit inside TBC coatings and its miti-
gation has attracted attention [5–10]. Pujol et al. [5] used
a step-by-step methodology to investigate the interaction
between YSZ aerogel powder and CMAS. /ey found that
the X-ray diffraction (XRD) patterns of the YSZ contami-
nated by CMAS contain the diffraction peaks corresponding
to the initial tetragonal YSZ as well as the monoclinic
structure. /is finding suggests that the tetragonal to
monoclinic transformation occurred during the interaction
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process via a dissolution/reprecipitation mechanism [5, 11].
/e phase instability of the YSZ TC can lead to progressive
cracking and delamination during service and cause over-
heating and early degradation of the superalloy with fatal
consequences. /us, current research is focused on the
development and design of advanced CMAS-resistant
thermal and environmental barrier coating (TEBC) systems
with an enhanced thermal cycling lifetime and outstanding
mechanical properties [12–16]. Čelko et al. [13] used solid-
state synthesis to develop an experimental barium-magne-
sium-aluminium-silicate (BMAS) powder that was sprayed
onto a MAR-M247 superalloy substrate in fully crystalline
and partially amorphous conditions. /e samples were
subjected to a burner-rig test, and it was found that the
BMAS coating in the fully crystalline condition was more
durable than the partially amorphous one. However, under
service conditions, the damage caused by the environment
and high temperatures is in synergy with repeated elastic-
plastic loading that represents fatigue damage. /e effect of
these coatings on the fatigue endurance of nickel-based
superalloys has not been fully investigated. Recently, Obrtĺık
et al. [17] reported on the fatigue behaviour of a first-
generation nickel-based superalloy coated with non-
traditional oxidic TBCs. /e study has shown that non-
traditional oxidic TBCs have promising potential in relation
to fatigue behaviour of nickel-based superalloys. Moreover,
a combination of YSZ with near eutectic ZrO2 + SiO2 +
Al2O3 has been found to provide the TC with sufficient
cohesiveness and resistance to premature cracking during
high-temperature mechanical loading [18].
/e present study reports on the effect of a novel
multilayer thermal and environmental barrier coating
(TEBC) system on the fatigue behaviour of cast poly-
crystalline MAR-M247 at 900°C. Fatigue data of MAR-
M247 have been reported under a wide range of loading
conditions and temperatures [19–25]. /e TBC consists of
a metallic CoNiCrAlY BC and a bilayer ceramic TC made
of a YSZ interlayer and a mullite (Al6Si2O13) and hex-
acelsian (BaAl2Si2O8) upper layer. /e fatigue life curves in
the total strain representation were obtained. /e degra-
dation mechanisms of the TBC-coated and uncoated
material were investigated in specimen sections by means
of scanning electron microscopy (SEM).
2. Materials and Methods
/e MAR-M247 superalloy was produced as investment-
cast cylindrical rods with dimensions close to the di-
mensions of the final specimen. Cylindrical specimens were
machined from these rods to a final shape with a gauge
length of 15mm and a diameter of 6mm. /e nominal
chemical composition of MAR-M247 is C (0.15wt.%), Cr
(8.37wt.%), Co (9.91wt.%), W (9.92wt.%), Mo (0.67wt.%),
Al (5.42wt.%), Ta (3.05 wt.%), Ti (1.01wt.%), Fe (0.04wt.%),
Mn (<0.02 wt.%), Si (<0.03 wt.%), B (<0.015wt.%), P
(0.001wt.%), S (0.001wt.%), and Ni (balance). Polished and
etched sections revealed dendritic grains with carbides,
which were distributed in the interdendritic areas and at the
grain boundaries. /e number and size of the casting defects
were reduced using hot isostatic pressing (100MPa/1200°C/
4 h). /e optimal microstructure was achieved by heat
treatment consisting of solid solution annealing (1200°C/
24 h) and precipitation hardening (870°C/27 h). /is mi-
crostructure contains c′ precipitates coherently merged in
a face-centred cubic (fcc) c matrix [19]. /e average grain
size was 2.3 ± 0.4mm.
/e TEBC coating was applied to a selected group of
specimens. /e deposition of the CoNiCrAlY BC via at-
mospheric plasma spraying (APS) using an F4MB-XL gun
(Sulzer Metco, Pfäffikon, Switzerland) mounted on the 6-
axis ABB industrial robot MF-P-1000 was done on
a roughened surface prepared by grit blasting using pure
1mm alumina particles. Two passes of a plasma gun were
used to reduce the internal stresses within the BC. Com-
mercially available powder (H. C. Starck Amperit 415,
Goslar, Germany) with an average powder particle size of 45
± 22 µm was used for the BC deposition. /e multilayered
ceramic TC was produced via APS under the same condi-
tions as the BC deposition. /e ceramic interlayer was
formed from agglomerated and sintered YSZ powder (H. C.
Stark Amperit 827, Goslar, Germany) with a particle size of
45 ± 10 µm. An experimental mixture of mullite (Al6Si2O13)
and hexacelsian (BaAl2Si2O8) at the ratio of 70/30 vol.% was
deposited as an upper layer. Based on the oxides present in
the experimental TEBC mixture, this TEBC belongs to the
family of the so-called BMAS coatings.
Low-cycle fatigue (LCF) tests were conducted on 10
uncoated specimens and 10 TEBC-coated specimens. A
symmetrical push-pull cycle under strain control (Rε � −1)
was applied in a computer-controlled electrohydraulic
testing system (MTS 810) at 900°C in laboratory air. /e
total strain amplitude and the strain rate (_ε � 2 × 10−3·s−1)
were kept constant for all the tests. A closed three-zone
resistance furnace was used to heat the specimens to 900°C.
/e temperature was monitored using three thermocouples
attached to both ends of the specimens and to the upper
part of the gauge length. Temperature gradient within the
gauge length of the specimen at 900°C was ±1.5°C. Heating
and cooling rate was set to be 300°C/hour in order to
minimise damage of TEBC caused by thermal stresses
originated from different coefficients of thermal expansion
(CTE). /e hysteresis loops for the selected number of
cycles were recorded, and data were used for plastic strain
amplitude analysis. Further experimental details regarding
experimental setup and data analysis can be found else-
where [17].
After LCF tests, the fracture surfaces and the polished
sections parallel to the specimen axis were investigated
using an Olympus DSX 510 optical microscope (OM) and
a TESCAN Lyra3 XMU SEM to study the degradation
processes in the TEBC-coated and uncoated superalloy.
/e chemical composition of the coating was investigated
using an energy dispersive X-ray (EDX) spectroscopy
analyser built into the SEM. /e TEBC thickness and
porosity measurements were obtained using image analysis
Olympus Stream Enterprise Desktop 2.1 software. Details
about the coating characterisation and methodology are
reported in [17].
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3. Results and Discussion
3.1. Initial Microstructure. /e wide-field backscattered
electron (BSE) image of the specimen section, presented in
Figure 1, shows the initial microstructure of the TEBC
system deposited onto the MAR-M247 superalloy substrate.
/ree distinguished areas can be recognised in the pristine
microstructure of TEBC. From upside down, the experi-
mental system consists of a mullite (Al6Si2O13) (dark grey
splats) and hexacelsian (BaAl2Si2O8) (light grey splats) ce-
ramic upper layer, as indicated in a detailed view in an
inlet (a)./e surface of the upper layer demonstrates that the
upper layer coating is substantially nonuniform. /e splats
are irregularly shaped, and the feedstock powder ratio of 70/
30 vol.% remained unchanged after the APS deposition. /e
hexacelsian splats are evenly distributed in the predominant
mullite splats. Occasionally, thin cracks parallel to the
specimen axis are present in the upper layer. /e average
thickness and porosity of this layer are 247 μm ± 21 μm and
5.45%, respectively. /e YSZ ceramic interlayer is beneath
this upper layer; it has an average thickness and porosity of
109 μm ± 10 μm and 9.13%, respectively. An inlet (c) shows
the microcracks and cleavage defects present in the YSZ
interlayer. /e upper layer, together with the YSZ interlayer,
forms an insulating TC system. /e mullite + hexacelsian/
YSZ interface is rough and free of defects (inlet (b)). Next,
a CoNiCrAlY metallic BC was deposited onto the MAR-
M247 substrate. /e average thickness of BC was set to be
170 μm ± 12 μm. An inlet (e) shows the microstructure of the
BC at a higher magnification. /e phase composition of the
metallic BC corresponds to the β phase (NiAl) and the c/c′
phases. As seen in inlet (d), the YSZ/BC interface exhibits
waviness and follows the surface of the grit-blasted substrate.
/e initial YSZ/BC interface does not contain a thermally
grown oxide (TGO) scale layer. /e interface between the
BC and the superalloy is very rugged. Grit blasting was used
to achieve the necessary mechanical bonding between the
coatings and the substrate. Relict grit particles (inlet (f ))
remain stuck in the MAR-M247 substrate. It has been re-
ported that these particles can affect fatigue crack initiation
and lifetime of material [26, 27]. Grit blasting also introduces
compressive stresses that can decelerate the fatigue crack
initiation and improve fatigue life [28, 29]. However, Šulák
et al. [26] found that grit blasting has no effect on the lifetime
of Inconel 713LC in the LCF region at 900°C. Due to grit
blasting, the subsurface microstructure of MAR-M247 is
heavily deformed. On average, the thickness of the deformed
zone is 14 µm. /e EDX maps of the plasma-sprayed TEBC
presented in Figure 2 show the distribution of the elements
in the mullite + hexacelsian and YSZ ceramic layers.
Figure 3 depicts the morphology of the surface of the
TEBC-coated specimen in as-coated conditions and after
a heating and cooling cycle. It can be seen that the as-coated
TEBC surface is very rough with only a few capillary cracks
or defects (Figure 3(a)) that could originate from a rapid
cooling during a coating deposition process. /e heating
and cooling cycle consisting of heating to 900°C, 12 hours
dwell and subsequent cooling to room temperature, was
performed in order to test the thermal stability of TEBC.
/e heating and cooling rate was 600°C/hour. Figure 3(b)
presents the BSE image of surface after the heating and
cooling cycle. /is heating and cooling cycle resulted in
a prolongation of already existing cracks as well as an in-
creased number of these cracks can be seen in detail in
Figure 3(c). Metallographic section (Figure 3(d)) illustrates
a capillary crack in the specimen after the heating and
cooling cycle. /e presence of these cracks could facilitate
the fatigue crack initiation from the surface of the TC [17].
/e YSZ interlayer as well as the mullite + hexacelsian/YSZ
interface remained unaffected by the heating and cooling
cycle. After 12 hour dwell at 900°C, a 1.04 ± 0.37 μm thick
TGO scale was formed at the YSZ/BC interface. /e TGO
thickness after the heating and cooling cycle was not thick
enough to cause delamination of the TC [30].
3.2. Degradation of TEBC under Fatigue Loading. A number
of capillary cracks that are present in the TEBC coating after
deposition in a combination with natural brittleness of
ceramic coatings can facilitate the surface fatigue crack
initiation in the TEBC-coated specimens [17, 31]. Post-
experimental observation of the specimen section revealed
the degradation of the TEBC system during cyclic loading at
900°C. Both, surface and subsurface fatigue crack initiation
was observed. /e fatigue cracks that nucleated at the TEBC
surface and subsequently penetrated through the TEBC to
the substrate are shown in Figure 4(a). A number of short
fatigue cracks can be found within the upper layer after
fatigue loading, as shown in Figure 4(b). Initiation and
propagation of the fatigue cracks are independent of the
splat boundaries. Surface crack initiation is also a decisive
mechanism in the uncoated MAR-M247 [23]. /e crack
growth paths are predominantly oriented perpendicularly to
the loading axis. Some of the cracks changed their path and
became almost parallel with the loading axis. /e number of
capillary cracks in the YSZ interlayer was very low, which
can be attributed to better strain tolerance in the YSZ in-
terlayer in comparison to the upper layer. Typical de-
lamination was observed primarily in the upper layer close to
the mullite + hexacelsian/YSZ interface, as can be seen in
Figure 4(c). /e mullite + hexacelsian/YSZ interface is
free of any defects or newly formed phases. In the LCF
tests with total strain amplitudes higher than εa � 0.30%,
the delamination of the YSZ interlayer was observed
approximately 15–30 µm far from the YSZ/BC interface
(Figure 4(a)). /e LCF tests with lower strain amplitudes
showed that the YSZ interlayer stayed attached to the
BC without macroscopically perceptible delamination
(Figure 4(c)). However, detailed inspection of the YSZ/BC
interface revealed occasional local delamination of the YSZ
interlayer in the vicinity of the secondary fatigue cracks
(Figure 4(d)). Hutařová et al. [32] reported on the degra-
dation of the YSZ-coated Inconel 713LC. /e fatigue crack
initiation was found usually at the YSZ/BC interface of the
YSZ-coated Inconel 713LC. In the present work, fatigue
crack initiation at the YSZ/BC interface TEBC-coated MAR-
M247 was also occasionally identified (Figure 4(d)). TGOs
formation was found at the TC/BC interface and at the newly
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formed surfaces of the fatigue cracks that occurred during
LCF loading at 900°C. /is can be explained as a conse-
quence of oxygen access through the pores and capillary
cracks that are naturally present in the TC between indi-
vidual splats. /e thickness of the TGO at the TC/BC in-
terface varied from 1.25 ± 0.43 µm to 2.56 ± 0.51 µmwith the
test duration ranging from 12 h to 58 h, respectively.
Figure 4(d) shows the TGO scale in the specimen exposed to
900°C for 58 h (εa � 0.15%)./e YSZ/CoNiCrAlY interface is
a significant crack initiation source in specimens that are
exposed to 900°C longer than 36 h. As the oxidation proceeds
and the TGO scale reaches critical thickness, it is probable
that the cracks at the YSZ/CoNiCrAlY interface would be
initiated by an increase in the local stresses [33–35]. Simi-
larly to our previous studies [17, 36], fatigue crack initiation
at BC/substrate interface was identified in the vicinity of
embedded grit particles (Figure 4(a)). It was proven by
Warnes et al. [27] that elimination of these particles can
improve fatigue life of coated MAR-M247 under thermo-
mechanical loading by 40%.
3.3. Fracture Surface. /e SEM micrograph of a fracture
surface of the TEBC-coated specimen cycled with total strain
amplitude equal to 0.38% is shown in Figure 5(a)./e fatigue
crack propagates from the specimen surface through the TC
and the BC to the substrate. /e transgranular crack growth
path is visible in the middle of the image. A detail of area (b)
is shown in Figure 5(b), and it presents the cleavage fracture
of the upper layer of the TEBC. Hexacelsian splats are typical
of short facets, whereas mullite splats exhibit longer facets.
Moreover, small pores are present in the mullite phase.
Cleavage fracture can be seen in the YSZ interlayer as well
(Figure 5(c)). /e brittle behaviour suggests that the TC
could be damaged in the very beginning of fatigue life, and
only the substrate and the BC are involved in the fatigue
loading transfer. In this particular type of loading, the TC
may only provide environmental protection; its mechanical
contribution would be insignificant.
3.4. Fatigue Life. Figure 6 shows the fatigue life diagram in
the representation of the total strain amplitude εa versus the
number of cycles to failure Nf of both the TEBC-coated
MAR-M247 and the uncoatedMAR-M247./e results show
that TEBC can slightly increase the fatigue life of MAR-
M247. In general, application of TBC leads to a reduction of
fatigue life [37–40]. An increase in fatigue lifetime by this
particular TEBC is very important for its industrial appli-
cation. Factors that contribute to the higher fatigue life of
Figure 1:/emicrostructure of the TEBC system deposited onto theMAR-M247 superalloy substrate. List of insets: (a) detail of the mullite
+ hexacelsian upper layer; (b) the mullite + hexacelsian/YSZ interface; (c) detail of the YSZ interlayer; (d) the YSZ/BC interface; (e) the
CoNiCrAlY BC; (f ) the BC/MAR-M247 interface with Al2O3 grit particle.
200μm
Figure 2: EDX elemental maps of TEBC showing distribution of
the main elements presented in the TC and BC: (a) Al; (b) Zr; (c)
Ba; (d) Si; (e) Y; (f ) O; (g) Cr; (h) Co; (i) Ni.
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TEBC-coated MAR-M247 are (i) increased number of
cracks in the TEBC-coated material in comparison with
uncoatedMAR-M247./is suppresses the localization of the
plastic strain, and thus, the fatigue crack initiation and
propagation can be longer [36, 41]; (ii) corrosion and oxi-





Figure 3: Surface morphology of TEBC coating in (a) as-coated conditions, (b) after the heating and cooling cycle, and (c, d) detail showing








Figure 4: Degradation of the TEBC system. (a) Delamination of YSZ, εa � 0.30%; (b) fatigue cracking and delamination of the mullite +
hexacelsian upper layer, εa � 0.30%; (c) degradation of TEBC after LCF, εa � 0.15%; (d) TGO scale at the YSZ/CoNiCrAlY interface, εa � 0.30%.
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environments is very important. However, corrosion and
oxidation resistance of MAR-M247 is comparatively poor
due to the relatively low content of chromium, and the
unprotected surface of uncoated MAR-M247 degrades
quickly [42]. TEBCs were tailored to provide mainly thermal
insulation, but their multilayer structure also provides
outstanding oxidation and corrosion resistance and there-
fore fatigue life of TEBC-coated MAR-M247 is higher in
comparison with uncoated MAR-M247. Yet, there exists
a crossover when the strain amplitudes are ≤0.17%; then, the
fatigue life of the TEBC-coated specimens is slightly shorter
than the fatigue life of the uncoated specimens. To further
interpret the fatigue behaviour of the TEBC-coated MAR-
M247 and the uncoated MAR-M247, the data of plastic
strain amplitude vs. total strain amplitude are plotted in
Figure 7. It is a consensus that a higher plastic strain cor-
responds to a shorter fatigue life. However, Figure 7 shows
that TEBC-coated MAR-M247 exhibits higher plastic strain
amplitudes when the strain amplitudes are ≤0.25% and
fatigue life in Figure 6 is lower for amplitudes ≤0.17%. /is
crossover mismatch in Figures 6 and 7 can originate from
two completive factors (i) plastic strain amplitude and (ii)
environmental protection of the material that is given by
TEBC. /e protective effect of the TEBC on the substrate at
900°C plays an important role in fatigue life, and it is mostly
possible that the protective effect of TEBC is more beneficial
than the effect of higher plastic strain amplitude. /e ex-
istence of the crossover in Figure 7 could be explained by the
different ratio of fatigue cracks that are present in the
substrate of the TEBC-coated and uncoated material. /e
ratio increases with a decrease in the strain amplitude. /e
ratio (cracks that penetrate to the substrate-TEBC-coated to
uncoated MAR-M247) of 2.18 and 6.3 corresponds to the
highest and lowest strain amplitude, respectively [17, 36].
/is suggests that, with a decrease in the strain amplitude,
a comparatively higher crack density can result in the fatigue
crack interaction in the short crack growth domain that








Figure 5: Fracture surface of the specimen fatigued to failure, εa � 0.38%: (a) surface initiation site and crack growth path; (b) cleavage














Figure 6: Fatigue life curves of TEBC-coated and uncoated MAR-
M247 superalloy.
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4. Summary and Conclusions
/e following summary and conclusions can be drawn from
this study, which investigated the effect of TEBC, consisting
of a mullite + hexacelsian upper layer, a YSZ interlayer, and
a CoNiCrAlY BC, on the high-temperature LCF behaviour
of MAR-M247.
(1) A thin subsurface layer of the MAR-M247 substrate
is deformed as a result of grit blasting. Some of the
Al2O3 grit particles remain embedded in the
substrate.
(2) /e TGO scale is not present at the initial YSZ/
CoNiCrAlY interface. /e thickness of the TGO
scale increases with the duration of the LCF test. As
soon as the TGO scale reaches critical thickness, YSZ
delamination and cracking are facilitated.
(3) Fatigue cracks mainly initiate in the upper layer and,
to a lesser extent, from the new surfaces, as a result of
ceramic layer delamination and the presence of grit
particles.
(4) /e cleavage nature of the fracture in the mullite +
hexacelsian and YSZ layers was identified.
(5) TEBC was found to have a slight, positive effect on the
fatigue life of MAR-M247 in the representation of the
total strain amplitude vs. the number of cycles to failure.
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[26] I. Šulák, K. Obrtĺık, and L. Čelko, “High temperature low cycle
fatigue characteristics of grit blasted polycrystalline Ni-base
superalloy,” Key Engineering Materials, vol. 665, pp. 73–76,
2016.
[27] B. M. Warnes, A. L. Purvis, and J. E. Schilbe, “/e manu-
facture and fatigue cracking resistance of grit free aluminide
diffusion coatings,” Surface and Coatings Technology, vol. 163-
164, pp. 100–105, 2003.
[28] K. Poorna Chander, M. Vashista, K. Sabiruddin, S. Paul, and
P. P. Bandyopadhyay, “Effects of grit blasting on surface
properties of steel substrates,” Materials & Design, vol. 30,
no. 8, pp. 2895–2902, 2009.
[29] T. Klotz, D. Delbergue, P. Bocher, M. Lévesque, and
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ement simulation of stresses in a plasma-sprayed thermal
barrier coating with an irregular top-coat/bond-coat in-
terface,” Surface and Coatings Technology, vol. 304, pp. 574–
583, 2016.
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